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Wide bandgaps show power 
pedigree in San Francisco 
Alan Mills 
I The annual Spring pilgrimage of Materials Research Society (MRS) members to San Francisco continued on 
1 3-15 April this year with record numbers in attendance. Of interest o III-Vs Review readers was Symposium 
F: 'Wide Bandgap Semiconductors for High Power, High Frequency and High Temperature'. This was mostly 
dedicated to the latest advances in GaN and SiC materials technology, although two sources of zinc oxide 
wafers described their technology. 
u ntil recently, high frequen- cy power devices were 
mostly in the domain of 
gallium arsenide (GaAs) and indi- 
um phosphide (InP) technology. 
High power output silicon car- 
bide (SiC)-based circuits have, 
however, become commercially 
available for low frequency uses 
and now provide superior perfor- 
mance in many high power appli- 
cations. Even more recently, 
gallium nitride (GaN) alloys have 
become the compound semicon- 
ductor materials of choice for the 
development of high output pow- 
er devices in the very high fre- 
quency ranges, using either SiC or 
sapphire substrates. GaN also ben- 
efits from being a high tempera- 
ture semiconductor, similar to SiC, 
which was previously touted to 
have a total advantage in this field 
of application. 
Umesh Mishra from the 
University of California - Santa 
Barbara (UCSB) described the 
effectiveness of power devices, in- 
cluding aluminium gallium nitride/ 
gallium nitride (AIGaN/GaN) high 
electron mobility transistors 
(HEMTs) and modulation doped 
FETs (MODFETs). The device struc- 
tures were developed on sapphire 
substrates in a horizontal, dual- 
flow metal-organic chemical 
vapour deposition (MOCVD) reac- 
tor. Applying recently developed 
0.25-~tm gate technology, continu- 
ous wave output powers of 
3.1 W.mm 1 have been achieved at 
18 GHz.This is the highest value re- 
ported to date for K-band mi- 
crowave FETs, said Mishra.This data 
confirms the promise of the high 
aluminium content A1GaN MOD- 
FET device structures. 
Reliable FETs were fabricated, 
achieving high channel satura- 
tion currents (800 mA.mml), 
hightransconductance (240 milli 
Siemens.mm -1) and good break- 
down voltages (10 to 30 V for 
1 ~tm and 80 to IOOV for 0.25 ~tm 
gate lengths). Junction tempera- 
tures were estimated to be more 
than 400°C for devices on the sap- 
phire substrates, but flip chip 
bonding lowered this to an ac- 
ceptable IO0°C. Mishra comment- 
ed that as research continues, the 
performance of GaN based de- 
vices continues to improve - 
"Everytime the materials quality 
improves, device performance 
improves". 
Outstanding performances were 
reported for other GaN devices. 
Therefore, in spite of the claimed 
advantages of the better heat dissi- 
pation of SiC, and the presumed 
benefits of GaN devices grown on 
SiC substrates, the best high 
frequency high power output per- 
formances are still being demon- 
strated by GaN devices grown on 
sapphire. However, special proce- 
dures for heat load management, 
such as flip chip mounting, have 
been used to achieve these perfor- 
mance levels for the sapphire- 
based circuits. 
Nitride substrates 
Because of the difficulties in grow- 
ing bulk GaN substrates for homo- 
epitaxial growth by Czochralski, 
Bridgman or vertical gradient 
freeze (VGF) methods, other bulk 
process methods and materials 
are always being evaluated. Un- 
fortunately for the growth process- 
es, most wide bandgap materials 
have high melting points (MP). 
Aluminium nitride (AIN) with an 
MP of ~2750°C under about 9 atms 
overpressure of nitrogen is no ex- 
ception, but it is a potential alterna- 
tive being considered for GaN 
devices and it offers physical prop- 
erties that may be better suited for 
GaN epilayer growth. These in- 
clude high heat conduction (3.2 
W.C 1 for AIN compared with 4 
W.C -1 for copper and 4.9 W.C d for 
SIC), a better crystal attice match 
(2% mismatch to GaN) than for 
sapphire and SiC and, quite impor- 
tantly, a closer thermal expansion 
coefficient to GaN. 
Glen Slack (Rensselaer Poly- 
technic,Troy, NY) reported on the 
growth of single crystal AIN, by 
the use of a sublimation-reconden- 
sation technique in a tungsten 
crucible. 
The work is being carried out 
in a cooperative programme with 
other institutions. In this process, 
an A1N charge is maintained at 
2300°C at one end of the crucible 
and the single crystal grows at 
about 0.3 mm per hour in the op- 
III-Vs Review • VoI.11 No.5 1998 
46 
0961-1290/98/$19.00 © 1998 
Elsevier Science Ltd. All rights reserved. 
Meeting Report 
HVPE gl 
bulk gall 
n i t r ide  
Lithium gallate - -  
substrate 
(etched away later) 
--  MOCVD 
capping layer 
~ Nitridation layer 
Figure 1. Growth of bulk nitride layer on fithium gallate substrate. 
posite tapered end, maintained at a 
lower temperature of 2250°C. 
Because nitrogen diffuses through 
hot tungsten, an external nitrogen 
overpressure is maintained outside 
the crucible. 
Single crystals as large as 7 mm 
in diameter and 12 mm long have 
been grown by this process, show- 
ing promise as a GaN substrate, 
said Slack.Yellow in colour, the AIN 
crystals grown by this method ex- 
hibit high resistivity and contain 
20 to 30 ppm of nitrogen vacan- 
cies. Slack noted that "epitaxial 
GaN layers grown on these A1N 
crystals exhibited promising be- 
haviour". If the quality of the 
wafers can be improved and larger 
wafers produced, AIN substrates 
may become useful for a range of 
layer growth and device applica- 
tions. 
Continuing the quest for alter- 
native GaN substrate processes, 
Olga Kryliouk from the University 
of Florida described an interesting 
process she and her colleagues 
have developed to produce large 
area GaN substrates by high rate 
hydride vapour phase epitaxy 
(HVPE) on lattice matched lithium 
gallate. In earlier research, poor 
quality layer interfaces were re- 
ported because of the reaction of 
the gallate substrate with the chlo- 
rides/hydrochlorides present in 
the process gas stream. 
Kryliouk reported, however, 
that by introducing an intermedi- 
ate, high temperature nitridation 
step, followed by a low pressure 
(76 to 130 torr) MOCVD nucle- 
ation step in a cold wall reactor, 
good quality, large area, bulk single 
crystals of GaN could be grown 
(see Figure 1 for the layer growth 
diagram). This nitridation process 
(without the use of a buffer layer) 
protects the interface quality and 
also stops lithium diffusion by re- 
ducing its diffusion coefficient o 
the lOxlO "18 range, with respect o 
the growing nitride layer, eliminat- 
ing the effect of this unwanted 
dopant impurity. Kryliouk pre- 
sumed that the surface reaction 
process in nitrogen changes the 
surface to GaN since the nitrogen 
treated surface lattice parameters 
are almost identical to those of 
crystalline GaN. 
Following the nitridation step, 
the growth of the MOCVD GaN 
capping layer (0.1 to 0.2 ~m) 
produces atomically flat single 
crystal substrates (surface rough- 
ness 0.036 nm) suitable for bulk 
HVPE growth. These wafers are 
then transferred to the HVPE de- 
position system for bulk crystal 
production. The bulk growth 
conditions (atmospheric pressure 
and temperatures in the 850 
to 950°C range) produced GaN at 
the rate of 50 to 70 mm per hour. 
After growth of the bulk GaN 
crystals, the original lithium gal- 
late substrate is wet etched away 
to leave large-area, freestanding 
GaN wafers. The largest wafers 
grown to date were reported as 
lOxlO ram. 
Epitaxial lateral 
overgrowth 
Since the epitaxial lateral over- 
growth (ELO or ELOG) process 
was reported by Shuji Nakamura 
from Nichia Chemical, it has be- 
come an important research topic 
in many laboratories, and a popular 
method of producing low defect 
level substrates for GaN device de- 
velopment efforts. Extensions of 
the process were reported here by 
J.R. Shealy et al. from Cornell 
University (Ithaca, NY) and J.A. 
Freitas from the Naval Research 
Laboratory (NRL) in Washington, 
DC, who extended the process to 
GaN growth on SiC wafers. 
In the Cornell work, flow-mod- 
ulation epitaxy (FME), 'an ad- 
vanced form of MOCVD process' 
was used to grow the ELOG layers 
on sapphire and SiC substrates us- 
ing plasma enhanced silicon diox- 
ide as the masking material. High 
defect levels were found over win- 
dow growth areas and almost de- 
fect free regions were present over 
the masked areas, in keeping with 
typical MOCVD processes. Shealy 
reported, however, that FME en- 
hances the surface migration be- 
haviour and produced very 
different features on different crys- 
tal surfaces under the same growth 
conditions. 
Using an interesting change of 
masking material, Freitas, and co- 
workers from the NRL, North 
Carolina State University (NCSU) 
and Moscow State University, ex- 
tended the ELOG process to SiC 
substrates using GaN stripes de- 
posited on the GaN epilayer. 
Growth morphology is different 
on the different crystal planes but, 
as may be anticipated even in this 
GaN on GaN situation, high levels 
of defects propagate through the 
window regions. With few defects 
propagating in the overgrowth re- 
gions substantially lower defect 
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Figure 2. Zinc oxide crystals for epitaxial ayer growth with 1 cm 2 as-cut wafers (top left). 
levels were measured, Freitas re- 
ported. A low temperature photo- 
luminescence peak was observed 
at 3.263 eV, but only in the over- 
grown regions. 
In compositions 
Blue-green InGaN/GaN quantum 
well (QW) structures are used 
commercially to make efficient 
light emitting devices, and blue- 
green and white LEDs are being 
used for an expanding range of ap- 
plications. However, in spite of the 
relatively high conversion efficien- 
cies, light emission from the well 
region is not uniform and analysis 
of failed units has shown that the 
indium atoms are not uniformly 
distributed in the well. 
D. Doppalapudi et al. from 
Boston University have described 
phase separation in 35% indium- 
content well layers.To further inves- 
tigate this phenomenon, a range of 
layers were grown by electron cy- 
clotron resonance (ECR)-assisted 
molecular beam epitaxy (MBE) on 
sapphire wafers, varying such para- 
meters as indium flux ratios,V/III ra- 
tios and growth temperatures. 
Transmission electron microscopy 
and X-ray diffraction analysis again 
indicated the presence of more 
than one indium composition i the 
layers, with the trend towards in- 
creasing phase separation at higher 
growth temperatures. The conclu- 
sions are that the extreme nds of 
the In/Ga composition range (0-6% 
and 94-100%) form metastable com- 
positions and the remainder of the 
range form unstable compounds. 
Zinc oxide 
Another compound semiconduc- 
tor material, not often referred to, 
is zinc oxide, which because of its 
wide bandgap also has the poten- 
tial to provide blue LEDs and 
lasers. It also exhibits potentially 
useful piezoelectric properties and 
it has similar lattice dimensions 
and crystal structure to GaN. It is 
therefore a possible substrate for 
GaN device growth. The main rea- 
sons for the non-use of zinc oxide 
in the past have been: poor quality, 
slow growth rates at its high melt- 
ing point (1975°C), high cost and 
limited availability. But, according 
to Gaurav Agarwal (Cermet, 
Atlanta, GA), the new Cermet 'con- 
trolled solidification' growth 
process, carried out at 1800°C in a 
controlled atmosphere, produces 
'near-stoichiometric', one-centime- 
tre diameter crystals, which will be 
inexpensive when compared with 
previous wafer prices. 
Also announcing the produc- 
tion of suitable zinc oxide sub- 
strates was C. Arkhipov from the 
All Russian Research Institute for 
the Synthesis of Mineral Raw 
Materials, located in Moscow. 
These zinc oxide substrates were 
originally reserved for military ap- 
plications in the USSR and the 
process has been in use for over 
20 years. But the material is now 
deregulated and available as a 
commercial product. Arkhipov 
said that the hydrothermal 
process can now produce 'high 
quality' zinc oxide crystals with 
areas of more than 10 cm 2 and up 
to 200 g in weight. The crystals 
and as-cut 1 cm 2 wafers are 
shown in Figure 2. About 10 kg of 
crystals were produced last year, 
with the surface polishing being 
done by MTI Corp in the USA. 
With increased interest in wide 
bandgap substrates with low etch 
pit densities (below 100 per cm2), 
increased demand is anticipated 
for these zinc oxide crystals and a 
production level of about 100 kg 
of crystals is planned for 1999. 
High V SiC MOSFETs 
There are many uses for power 
control circuits, both AC and DC, 
and they include lamp ballasts, 
traction and other motor controls, 
computer power supplies, display 
drives, automotive and telecommu- 
nications applications. Most of the 
uses are Filled today by silicon de- 
vices; insulated gate bipolar transis- 
tors (IGBTs) above 200 V and 
D-metal oxide semiconductor FETs 
(MOSFETs) below 200 V. As the 
voltages and power levels increase, 
however, for example above about 
300 V or 1200 W and a few amps, 
silicon devices become less effec- 
tive and circuits based on SiC be- 
come more attractive. 
Jayant Baliga from NCSU de- 
scribed how device parameters 
such as low on state voltage, con- 
trolled turn on, and fast turn off (to 
reduce switching losses) are desir- 
able for high level power control 
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devices. And, because of improved 
materials growth technology, they 
can now be obtained from SiC 
devices. 
Carbide-based evices are ex- 
pected to have a 100-fold improve- 
ment  over silicon in the specific 
on-resistance category without any 
degradation in breakdown voltage. 
Current progress in this direction 
is leading to improved device per- 
formance and Baliga reported the 
development  of the first high volt- 
age MOSFET devices that exhibit a 
positive temperature coefficient 
for the on-resistance, under low 
logic level gate drive conditions (5 
V). This is a very important at- 
tribute for a power  switch to pre- 
vent destructive failure from 
current filamentation. Both P-i-N 
and Schottky rectifiers with high 
breakdown voltages were fabricat- 
ed and tested for performance,  and 
the Schottky rectifiers gave the 
best voltage drop characteristics 
for devices requiring blocking volt- 
ages below 3000 V,, Baliga said. 
Bipolar diodes 
The development of SiC wafers suit- 
able for the manufacture of high 
power  and high voltage (5500 V) 
bipolar diodes was reported by K. 
Irvine et al. from Cree Research, 
Durham, NC. In this work, epilayer 
thicknesses in excess of 100 }.tm 
were achieved using a hot wall CVD 
reactor to grow high quality SiC sub- 
strates. Silane and propane were 
used as the feed gases and nitrogen 
as the dopant, to produce n-type, 
4H-SiC layers, at the rate of 10 mm 
per hour. 
The hot wall technology was se- 
lected because this process "pro- 
duces high quality SiC epitaxial 
layers, with low intrinsic: doping lev- 
els", Irvine said, with no contribu- 
tions from frequent impurities uch 
as aluminium, boron and titanium. 
Exper imental  growth condi- 
tions were selected from pres- 
sures in the 100 and 740 torr 
range and temperatures  in the 
1500 and 1700°C range. A growth 
defect descr ibed as a 'carrot ' ,  that 
looked like an elongated stacking 
fault, was evident on the wafer 
surfaces and lower  'carrot '  defect 
densities could be obtained at the 
higher growth temperatures.  An 
improved growth process can 
now produce  nitrogen doping 
uniformities of better  than 5% in 
the lx lO  14 to 2xlO 19 range and 
thickness variations of less than 
1%. Commercial ,  nitrogen doped, 
50-~tm wafers are now available. A
record blocking voltage of 5.5 kV, 
wi thout  breakdown,  was obtained 
f rom a diode fabricated on an 85- 
~tm thick layer on which a p+ 
emitter  layer had been grown.The 
forward voltage drop obtained, 
5.4 V at 100 A.cm 2, was reported 
as a good value for non-opt imized 
contact  preparat ion.  
Micropipes 
Micropipe defects in SiC materials 
are one of the main causes of 
power  device failure and the re- 
duct ion in the levels of these de- 
fects is a cont inuing aim for wafer  
and device producers.  The pres- 
ence of these pipes, at high defect 
levels, limits the size of the de- 
vices that can be made, often re- 
stricting the chip size to 1×1 mm. 
For devices with 100 A and higher 
operat ing currents, device areas of 
more  than 10 mm 2 will be needed 
to lower the power  densities. 
Towards meet ing these goals, a 
novel method of el iminating mi- 
cropipes was reported by 
Vladimir Dmitr iev et aL f rom TDI 
Inc of Bethesda, MD, in collabora- 
tion with CGRC, and the Ioffe 
Institute in St Petersburg, Russia, 
and Howard University in 
Washington DC. To reduce defect 
levels, the existing substrate mi- 
cropipes were filled with SiC, and 
grown inside the pipes using a 
2000°C, in vacuo, sublimation 
epitaxy process. 
Product ion wafer densities 
ranged from 5 per  cm 2 in the 
wafer  centre to 15 per  cm 2 at the 
edges, reduced from 100 or more 
per  cm 2 for standard wafers. The 
best R&D wafers were found to 
have no micropipes for either 4H 
or 6H crystal types. 
To demonstrate device utility, 
TDI processed their commercial  
35 mm wafers (100 pipes per  cm 2) 
through the pipe filling process, re- 
ducing pipe densities to the 5 per 
cm 2 range. To prove the validity of 
the pipe fill process for device ap- 
plications, filled and surface pol- 
ished reduced defect wafers were 
used to grow SiC epitaxial device 
layers by a liquid phase epitaxy 
process. 
After growing a 3 ~tm layer, at 
1.5 mm per hour, nickel Schottky 
barriers were deposited on the 
wafers by thermal evaporation. 
With mid 10×1016 carrier 
concentrations high breakdown 
voltages were obtained and the 
breakdown fields were estimated 
to be over 1 MV.cm q which, ac- 
cording to Vladimir, indicated that 
these ' low pipe density' wafers are 
capable of sustaining high voltage 
devices.TDI claim that these 6 and 
8 mm 2 Schottky devices are the 
largest SiC devices reported to 
date. 
The general consensus about 
compound semiconductors at the 
MRS meeting was that business 
conditions were buoyant and prob- 
ably would remain so for some 
time to come, as most of the de- 
vices and many of the processes 
tinder consideration were near the 
beginning of their life cycles. It 
was obvious that wide bandgap 
materials and device technologies 
are rapidly expanding and opening 
markets, on their way to creating a 
healthy and growing power  device 
industry. 
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